We have previously defined ie3 as a coding region located downstream of the iel gene which gives rise to a 2.75-kb immediate-early (IE) transcript. Here we describe the structural organization of the ie3 gene, the amino acid sequence of the gene product, and some of the functional properties of the protein. The 2.75-kb ie3 mRNA is generated by splicing and is composed of four exons. The first three exons, of 300, 111, and 191 nucleotides (nt), are shared with the iel mRNA and are spliced to exon 5, which is located downstream of the fourth exon used by the iel mRNA. Exon 5 starts 28 nt downstream of the 3' end of the iel mRNA and has a length of 1,701 nt. The IE3 protein contains 611 amino acids, the first 99 of which are shared with the iel product pp89. The IE3 protein expressed at IE times has a relative mobility of 88 kDa in gels, and a mobility shift to 90 kDa during the early phase is indicative of posttranslational modification. Sequence comparison reveals significant homology of the exon 5-encoded amino acid sequence with the respective sequence of UL 122, a component of the IE1-IE2 complex of human cytomegalovirus (HCMV). This homology is also apparent at the functional level. The IE3 protein is a strong transcriptional activator of the murine cytomegalovirus (MCMV) el promoter and shows an autoregulatory function by repression of the MCMV iel/ie3 promoter. The high degree of conservation between the MCMV ie3 and HCMV IE2 genes and their products with regard to gene structure, amino acid sequence, and protein functions suggests that these genes play a comparable role in the transcriptional control of the two cytomegaloviruses.
unknown (25, 35) , and the ie2 gene seems to be nonessential for growth of the virus in cell culture (32) .
Downstream of the abundantly expressed IE gene is another transcribed region which is referred to as IE2 in HCMV and SCMV and ie3 in MCMV (18, 23, 38, 46) . In HCMV and SCMV, the major IE2 transcript is spliced together from the first three exons of the IE1 gene and a fifth exon in the IE2 region (18, 43, 46) . This HCMV IE2 transcript is translated into a 579-amino-acid polypeptide with an apparent molecular mass of 88 kDa (30, 43, 44) .
The most thorough analysis of the regulatory functions of the IE proteins has been performed with HCMV (18, 30, 37, 38, 44) . Transient transfection experiments using chloramphenicol acetyltransferase (CAT) indicator plasmids with various heterologous as well as homologous promoters revealed that the HCMV IE2 protein is a strong activator of early promoters. In addition, the HCMV IE2 protein represses the major IE promoter of HCMV, suggesting an autoregulative role for IE2 (6, 17, 28, 37) . The HCMV IEl protein seems to cooperate with the IE2 protein in the regulation of some promoters (4) , but IEl alone is not sufficient for the activation of early promoters (30, 44) .
We have suggested previously that the MCMV ie3 gene may encode a regulatory protein with similarities to the HCMV IE2 protein (23) . In this communication, we report on the structural analysis of the ie3 gene, the determination of the ie3 open reading frame, and the identification of the IE3 protein. Partial homology between the amino acid sequences of the MCMV IE3 and the HCMV IE2 proteins suggests a correlation between protein structure and function. Functional assays using the MCMV early promoter el (3) and the MCMV iellie3 promoter show that the MCMV 28 
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IE3 protein has regulatory properties comparable to those of the HCMV IE2 protein.
MATERIALS AND METHODS
Virus and cell culture. MCMV (mouse salivary gland virus strain Smith; ATCC was propagated on BALB/c mouse embryonal fibroblasts (MEF) as described previously (21) . Recombinant vaccinia viruses were produced by following established procedures (29) and using the recombination vector pCS43 (1) , vaccinia virus DNA of strain Copenhagen, and the temperature-sensitive mutant ts7 (14) . For recombination of the ie3 open reading frame into the vaccinia virus genome, the continuous ie3 coding sequence was constructed. A 717-bp amplified DNA fragment (see Fig. 3C , lane E3), which contained 133 nucleotides (nt) of exon 3 sequences fused to 584 nt of exon 5 sequences (see Fig. 1 14 -day intervals and bled after 8 weeks. Production of the monoclonal antibody (MAb) 6/20/1 and the antipeptide serum bS/1 has been described previously (10, 24) .
Plasmids for the analysis of the regulatory functions of the IE proteins. Recombinant plasmids were constructed according to established procedures (31) . For For the construction of the indicator plasmid pIElCAT, the MCMV enhancer sequences, the iellie3 promoter, and the first 49 nt of exon 1 of the iel gene were isolated from the plasmid pAMB33 (23) . pAMB33 contains a 2.25-kbp PstI fragment from map units 0.806 to 0.796. pAMB33 was digested with SmaI in the polylinker sequences, and a HindlIl linker was added. Then, a 2.25-kbp HindlIl fragment was isolated and ligated into the Hindlll site of pSVOCAT (16) . In the resulting plasmid, pIElCAT, the CAT gene is fused to the leader sequence of the iel gene at position +49.
To construct a plasmid selectively encoding the IE3 protein, the plasmid pIE111 (23) (16) . The 1-h standard assays and thin-layer chromatography were performed as described previously (25) . Radioactive chloramphenicol was visualized by overnight exposure to Kodak X-Omat S films. For quantification, the chloramphenicol spots were excised from the silica plates and counted in a liquid scintillation counter.
Nucleotide sequence accession number. The GenBank accession number for the nucleotide sequence reported in this article is M77846.
RESULTS
Nucleotide sequence and structural analysis of the ie3 gene. Our previous experiments have shown that two 2.75-kb mRNAs originate from the abundantly transcribed IE region of MCMV (Fig. 1) . As DNA probes from the iel and ie3 region hybridize with a 2.75-kb mRNA as well as with a 5.1-kb RNA, it was concluded that the two 2.75-kb mRNAs probably represent alternative splice products of a primary 5.1-kb transcript. Hybrid selection and in vitro translation experiments suggested that both transcripts originate at least partially from the same regions and that they are spliced from common exons (23) . Furthermore, we have observed that sequences downstream of the iel gene are transcribed at IE times and that the endpoint of an mRNA with moderate abundance is located between map units 0.776 (PstI) and 0.773 (XhoI) ( Fig. 1) (23) . From these previous findings and by analogy to the structure of the HCMV IE region, it was predicted that the MCMV ie3 gene would share its first three exons with the MCMV iel gene and that alternative splicing from the third exon to a fifth exon downstream of exon 4 of the MCMV iel gene would occur.
To identify the putative open reading frame of exon 5, the nucleic acid sequence of the region downstream of the iel gene was analyzed. Figure 2 shows the nucleotide sequence from the polyadenylation signal of the iel mRNA to 50 nt downstream of the putative polyadenylation signal of the ie3 transcript. The restriction enzyme sites AvaI (map unit 0.783), XbaI (map unit 0.780), and PstI (map unit 0.776) are indicated for orientation. An open reading frame encoding 528 amino acids was identified within this region.
To study whether this coding sequence is spliced in total or in part to exon sequences of the iel gene, reverse transcription of the ie3 mRNA and amplification of the resulting ie3 cDNA were performed. Primers El, E2, and E3 were chosen from the upper strands of exon 1, exon 2, and exon 3 of the iel gene, respectively ( The 3' primer E5 was hybridized to IE RNA and elongated with reverse transcriptase. The synthesized cDNA was amplified by using primer pairs El-E5, E2-E5, and E3-E5. The amplification resulted in DNA fragments-of 1,100, 850, and 700 bp, thus confirming the prediction that sequences of the ie3 region are spliced to the third exon of the iel gene (Fig. 3C ). Some smaller fragments of an amount that varied between experiments were interpreted as single-stranded templates because of an unbalanced amount of the two primers and were not further analyzed.
To locate the 5' end of exon 5 and to confirm that exon sequences of the iel gene are included in the ie3 transcript, sequence analysis of the amplified fragments was performed with primers E2, E3, and IE3. 1. Primer IE3.1 corresponds to positions 79 to 107 from the expected start of exon 5 in the lower strand shown in Fig. 2 . The 700-and 850-bp DNA fragments were eluted from the agarose gel and sequenced directly. The sequence analysis located the 5' end of the fifth exon 538 nt upstream of the XbaI site (map unit 0.780). A splice accepter consensus sequence, CTTTATGGTTCAC AG, was identified upstream of the 5' end of exon 5 (positions -15 to -1 in Fig. 2 ). Therefore, the 5' end of exon 5 is located 54 and 28 nt downstream of the polyadenylation signal and the 3' end of the 2.75-kb iel transcript, respectively (22 (Fig. 2) . A polyadenylation consensus sequence, AATAAA, is located 137 nt downstream of the stop codon TGA (positions 1676 to 1682 in Fig. 2) . The sequence GCACTTGTGTCTTGT, 20 nt downstream of the putative polyadenylation signal (positions 1703 to 1717 in Fig. 2 ), shows homology to the typical 3' end consensus sequences CAC/TTG and YGTGTTYY (2) .
The 3' end of the ie3 transcript was determined by reverse transcription of the ie3 mRNA and amplification of the cDNA end according to the method of Frohman et al. (15) . In brief, the primer (dT)17-R1-R0 was annealed to IE RNA, and reverse transcription was performed. Amplification of the 3' end of the ie3 cDNA was achieved by utilizing the ie3 gene-specific primer IE3.END (Fig. 3A) and primer RO. A 350-bp fragment was identified after amplification and subcloned into pUC19. Sequence analysis located the 3' end of the ie3 mRNA to position 1701 ( Fig. 2 and 3D ). S1 analysis with different 5' and 3' end-labeled probes of the ie3 region confirmed the 5' and 3' ends of exon 5 we had determined and revealed no indication for additional splicing within the ie3 region (data not shown).
Thus, the ie3 mRNA contains four exons of 300, 111, 191, and 1,701 nt comprising 2.3 kb (Fig. 3B) . (23) .
Homology of MCMV IE3 and HCMV IE2 amino acid sequences. The amino acid sequence of the IE3 protein was deduced from the nucleotide sequence of the ie3 mRNA (Fig. 4) . The predicted IE3 protein contains 611 amino acids and has a calculated molecular mass of 68 kDa. As the iel mRNA and the ie3 mRNA both use the information of exon 2 and 3, the first 99 amino acids at the amino-terminal ends of pp89 and the IE3 protein are identical. Some interesting regions within the unique amino acid sequence of the IE3 protein defined by exon 5 sequences were identified. Three clusters with acidic residues, i.e., amino acids 166 to 177, 180 to 188, and 231 to 239, were observed, although the overall content of acidic amino acids (92 residues) is balanced by a similar number of basic residues (110 residues), resulting in a calculated isoelectric point of 6.75. The sequence Lys-Lys-Ala-Lys-Lys-His-Lys between positions 141 and 147 shows similarity to the simian virus 40 large T antigen nuclear location signal Lys-Lys-Lys-Arg-Lys (20) . Another series of basic amino acids, Arg-His-His-His-LysArg-Lys between positions 279 and 285, may represent a second nuclear location signal. A cluster of five gliutamine residues was found at positions 365 to 370 of the IE3 amino acid sequence. Serine residues, often clustered, are frequent (17%), especially in the middle of the IE3 amino acid sequence. The serine clusters may represent phosphorylation sites. According to Chou and Fasman (8) , the high number of serine residues together with glycine and alanine (5) . An optimal alignment of the homologous amino acid sequences is shown in Fig. 4 Western blot analysis of MCMV-infected cells in the IE phase with the IE3-specific antiserum revealed an 88-kDa protein, a 77-kDa protein of minor abundance, and a 54-kDa protein (Fig. 5a, lane 2) . These proteins could not be detected in mock-infected cells (Fig. 5a, lane 1) . MAb 6/20/1 recognizes only the iel products reported before, namely, pp89, pp76, and two polypeptides with molecular masses of 67 and 51 kDa (Fig. Sb, lane 2) . The antiserum against the common amino terminus shows reactivity with proteins of 88 to 89 kDa in lysates of MCMV-infected cells (Fig. 5c, lane 2) .
It was expected that this antiserum would detect both the IEl and the IE3 proteins. As this antiserum did not reveal the IE3 protein as a separate entity, it was unclear whether p C 32 MESSERLE ET AL. (Fig. 5a , compare lane 2 with lanes 3 to 5). The variable reaction of the IE3-specific antiserum with a 62-kDa protein (Fig. 5a, share amino-terminal residues. The almost-identical migrational properties of pp89 and the 88-kDa IE3 protein explain why the ie3 product had previously escaped detection.
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Expression kinetics of the IE3 protein. To study the expression kinetics of the IE3 protein, lysates of MCMV-infected MEF were prepared at different times after infection, and Western blot analysis was performed with the IE3-specific antiserum (Fig. 6a) and the IEl-specific MAb 6/20/1 (Fig.   6b ). Overexpression of IE proteins was achieved by arresting the MCMV-infected cells in the IE phase as described in Materials and Methods. The 88-kDa IE3 protein was first detected at 2 h p.i. During the early phase, which lasts from 2 to 16 h p.i., a stepwise shift of the 88-kDa band toward an 89-and a 90-kDa band was observed, which suggested posttranslational modification. Although a smaller amount of protein was loaded in lanes representing values for 16 and 24 h p.i., it is clear that the 89-and 90-kDa ie3 products are also present during the late phase of the replication cycle. A faint band corresponding to pp89 was already detectable at 1 h p.i.
The presence of pp89 during the whole replication cycle has been reported before (24) , and the gel migration properties are constant. Altogether, the data show that the IE3 protein plasmid containing the indicator gene CAT under the control of the el promoter was constructed. Different effector plasmids were used for the expression of the TEl and IE3 proteins (Fig. 1) . The plasmid pIE111, which encompasses the MCMV IE region, encodes the complete iellie3 gene complex (13, 22, 23) . The plasmid pIE100/1 encodes only IE1 proteins, as sequences downstream of the fourth exon at map unit 0.783 (Aval) are not included. The plasmid pIE3 differs from pIE111 by the deletion of the third intron and the fourth exon and thus encodes only the IE3 protein.
MEF, which are permissive for MCMV infection, were used for transfection experiments. Transfection of the indicator plasmid pElCAT alone resulted in a low basal level of CAT activity (Fig. 7, lanes 1) . Following cotransfection of pElCAT and pIE111, a 200-fold induction of CAT activity was observed (Fig. 7, lanes 2) , demonstrating that IE proteins encoded by pIE111 activate the early promoter el. After cotransfection of pElCAT and pIE100/1, only a low level of CAT activity was detected, indicating that the early promoter was not activated by the iel gene product alone (Fig. 7, lanes 3) . In contrast, cotransfection of pElCAT and .*.
FIG. 7.
Activation of the MCMV el promoter by IE proteins. Transfection experiments in MEF were performed in duplicate with the indicator plasmid pElCAT alone (lanes 1) or in combination with the effector plasmids pIE111 (lanes 2), pIE100/1 (lanes 3), pIE3 (lanes 4), and pIE3 plus pIE100/1 (lanes 5). Cell extracts were prepared 40 h after transfection and assayed for CAT activity.
pIE3 resulted in a 150-fold induction of CAT activity (Fig. 7,  lanes 4) . Therefore, the IE3 protein is sufficient for trans activation of the el promoter, whereas the IEl protein is not. To study a potential cooperation between the IEl and IE3 proteins in the activation of the early promoter, pElCAT and the two effector plasmids pIE100/1 and pIE3 were cotransfected. The observed CAT activity was 1.5 to 2 times higher than after transfection of pElCAT and pIE3 (Fig. 7,  lanes 5 ). This suggests that the IE1 protein has some additive effect on the trans-activating properties of the IE3 protein.
Repression of the iellie3 promoter by the IE3 protein. Transcription of the MCMV IE genes ceases during the early phase of infection (21, 24) . A possible mechanism for this downregulation is an autoregulatory repression of the MCMV IE promoters by the IE proteins. To study the regulation of the iellie3 promoter, an indicator plasmid containing the CAT gene under the control of the iellie3 promoter and upstream enhancer sequences was constructed. Because the upstream sequences in all effector plasmids are identical to those in the indicator plasmid, the plasmid pAMB33 (23) was included as a control for competition for cellular transcription factors. pAMB33 contains a 2.25-kbp PstI fragment (map units 0.806 to 0.796) encompassing the enhancer and the iellie3 promoter (Fig. 1) .
Transfection of the indicator plasmid pIElCAT into MEF resulted in high CAT activity (Fig. 8, lanes 1) due to the MCMV enhancer activity (13, 25) . Following transfection of pIElCAT and pAMB33, a reduction of CAT activity by 25% could be seen (Fig. 8, lanes 2) , indicating a slight competition for transcription factors. Cotransfection of pIElCAT and pIE111, however, resulted in a fivefold repression of the iellie3 promoter (Fig. 8, lanes 3 ), whereas no suppression or even some activation was seen after cotransfection of pIElCAT and pIE100/1 (Fig. 8, lanes 4) . This indicated that the IEl protein alone has no major effect on the iellie3 promoter, whereas the expression of the complete iellie3 gene complex resulted in repression. To study whether the repression of the iellie3 promoter is a function of the IE3 protein alone, cotransfection of pIElCAT and pIE3 was carried out. The strong reduction of CAT expression (Fig. 8,  lanes 5 ) confirmed that the iellie3 promoter is negatively regulated by the IE3 protein. Cotransfection of pIElCAT, pIE3, and pIE100/1 resulted in the same reduced CAT activity as that resulting from transfection of pIElCAT and pIE3 (Fig. 8, lanes 6 (18, 43, 45, 46) . In HCMV, distinct minor mRNA species originating from exon 5 sequences have been identified (43, 46) . It (22, 24, (43) (44) (45) . During the early phase of the MCMV replication cycle, the molecular mass of the IE3 protein shifted to 89 and 90 kDa, suggesting posttranslational modification. Large serine clusters are located within the amino acid sequence of IE3, and the increase of the molecular mass could be due to phosphorylation. The IE3 protein was detected throughout the replication cycle and had expression kinetics similar to those of the IEl protein pp89, suggesting a functional role of the IE3 protein during the whole replication cycle.
A series of structural domains within the amino acid sequences of cellular transcription factors and viral regulatory proteins which are responsible for DNA binding, dimerization, and transcriptional activation have been characterized (27, 36) . A structure involved in DNA binding, the so-called "zinc finger" motif (27, 36) , was found within the HCMV IE2 amino acid sequence (30, 44) . However, no zinc finger was identified within the amino acid sequence of MCMV IE3. Another motif, the "leucine zipper," mediates dimerization of transcriptional active proteins. Basic amino acids, which are usually located adjacent to the leucine zipper motif, are responsible for the DNA binding of leucine zipper proteins. Several leucine-rich regions were identified in the HCMV IE2 sequence (30, 44) . Again, no such structures were found in the amino acid sequence of MCMV IE3.
Transcriptional activator domains of yeast activator proteins and of the herpes simplex virus regulatory protein Vmw65 are characterized by acidic residues (47, 49) . Furthermore, serine/threonine-, glutamine-, and proline-rich domains have been implicated in transcriptional activation by regulatory proteins (9, 34) . IE3 has three short acidic clusters (amino acids 166 to 177, 180 to 188, and 231 to 239) and a series of five glutamine residues (amino acids 365 to 370). In addition, 10 of the 20 carboxy-terminal amino acids of the IE3 protein are acidic. The short acidic clusters have counterparts in the amino acid sequence of the HCMV IE2 protein, although the precise locations are not conserved (43) . The 29 carboxy-terminal amino acids of the HCMV IE2 protein include 7 acidic residues, and they may fold into an amphipathic alpha helix (30) . The precise positions of these negatively charged residues are not conserved in the amino acid sequence of MCMV IE3, and the propensity of the carboxy terminus of MCMV IE3 to form an amphipathic alpha helix is low. Altogether, the 200 carboxy-terminal amino acids of MCMV IE3 and HCMV IE2 represent the region of major homology, which suggests an important function for this domain of the CMV IE proteins.
Transfection experiments in MEF, which are permissive for MCMV infection, were performed with indicator genes under the control of the homologous early promoter el or the iellie3 promoter and effector plasmids encoding the different MCMV IE proteins. Characterization of the MCMV early transcription unit el (3) and structural analysis of the MCMV iellie3 gene complex allowed us to analyze in detail which IE proteins are required for the activation of the homologous early promoter el. The IE3 protein alone was found to be sufficient for the activation of the el promoter, whereas the IEl protein alone was not, but IEl could act synergistically with the IE3 protein. Therefore, the IE3 protein apparently represents the major IE regulatory protein for the activation of early genes in permissive cells. Because we have shown previously that the IEl protein can activate heterologous promoters (25, 39) , the IE1 protein may still possess a function in the activation of cellular genes.
In its requirement for IE proteins for trans activation, the MCMV el promoter shows similarity to some HCMV early promoters. An HCMV E transcription unit corresponding to the MCMV transcription unit el is located between map units 0.682 and 0.713 of the HCMV genome (3, 42) . The promoter of this HCMV early gene can be activated by HCMV IEl and IE2 proteins (41) . Similar to the induction of the MCMV el promoter by the MCMV IE3 protein, the HCMV IE2 protein alone can also activate the HCMV E1.7 promoter (4). The activation of this HCMV promoter by HCMV IE2 is also augmented by the HCMV IE1 protein (30) .
The autoregulative effect of the MCMV IE3 protein on the iellie3 promoter may explain the reduction of IE transcription at the beginning of the early phase (21, 24) . Similar to the way the MCMV IE3 protein represses the MCMV iellie3 promoter, the HCMV IE2 protein downregulates the transcription of genes under the control of the HCMV major IE promoter (6, 17, 28, 37, 38, 44) . The target sequences mediating repression of the HCMV major IE promoter by the HCMV IE2 protein have been defined and are conserved between HCMV and SCMV (6, 17, 28, 37) but do not exist in the MCMV iellie3 promoter and cannot be replaced by MCMV sequence motifs, since the HCMV IE2 protein cannot repress transcription from the MCMV iellie3 promoter (17) . Thus, the MCMV IE3 protein mediates repression of the iellie3 promoter by different and as-yet-undefined target sequences.
Mutational analysis of domains which are conserved between the different CMV homologs will show which domains are important for the functions of the MCMV IE3 protein and will help us understand the control of transcriptional regulation in CMV.
